Abstract -A numerical analysis is carried out using ANSYS fluent tool to assess coil size and compactness value on unruptured aneurysm after coiling treatment. The study reports the effect of endovascular embolization on blood hemodynamics inside unruptured aneurysm. The coiled aneurysm is model as porous volume with porosity and permeability related to the coil size and compactness value. The results show as coil compactness increases and coil diameter decreases, the blood inflow to aneurysm volume decreases. The reduction in blood inflow to the aneurysm reduces the risk of aneurysm rupture. Also, it reduces flow circulation with the aneurysm and promote thromboses which seals aneurysm.
Introduction
In recent years, CFD analysis became a popular tool to analyze cerebral aneurysm [1] [2] [3] . Cerebral aneurysm, is considered a vascular disorder where a local growth of an intracranial artery occurs. It is considered a serious medical condition that could cause death. The growth in cerebral aneurysm may compress surrounding cerebral tissues possibly causing dangerous health conditions. The rupture of a cerebral aneurysm is considered fatal condition [4] .
CFD simulation has shown high quantitative agreement with experimental PIV data in terms of similarity index and velocity magnitude [5] . The CFD simulation can provides more detailed information regarding the vascular hemodynamics in cerebral aneurysm [1, 6] , coronary artery [7] and in various bio-medical applications [8, 9] .
One of the treatment methods of cerebral aneurysm is filling the aneurysm by coil mesh, which is known medically by endovascular embolization. This treatment method is consider the least invasive way of treatment. The coils are introduced to the aneurysm through a catheter implanted into a vessel over the knee, which is navigated through the blood vessels to until it reaches the aneurysm. Thrombogenic, coils are used to form a blood clot around it and reduces the blood flow to the aneurysm, hence, reducing aneurysm rupture occurrence.
In this study, porous media model is used to simulate the coiled aneurysm. In literature, porous medium has been implemented to model aneurysm coiling [10, 11] and to model aneurysm diverting stent [12] [13] [14] . The current CFD study utilized the porous media parameters to assess the effect of coil parameters, mainly coil diameter and coil compactness, on the blood hemodynamics. The study reports how WSS changes as function of coil parameters after aneurysm endovascular coiling.
Problem Formulation
A schematic of idealized terminal-type bifurcations aneurysm is as shown Figure 1 . For clinical purposes, it is recommended to use a patient specific geometry. However, the use of idealized aneurysm in this study aims to provide guidance and direction on predicting the hemodynamics behavior, coiling compactness and coil size. The terminal-type bifurcations aneurysm model shown in Figure 1b is divided into three sections of interest, the aneurysm dome, the parent artery and the daughter arteries. The repetitive impingement against the vessel wall under pulsatile flows may induce fatigue causing initiation and growth of aneurysms [15] . The main artery and the outlet arteries are modeled as pipes with a radius of = 1.25
and length of = 10 . The outlet arteries are bifurcating from the main artery and are given the same radius as the parent artery since such arteries settings have been observed in clinical patient angiography images. The aneurysm is approximated as a spherical shape with radius of = 3 is created at the apex of the bifurcation as shown in Figure 1 . The coiled mesh is modeled as an isentropic porous media. Porous media is widely used in the literature [16] [17] [18] [19] [20] . Porosity is considered isotopic when it is uniform in all orientations. Using this assumption, the equation solved by Fluent for momentum conservation is taken as follow [21] :
Where, is porosity, is pressure, is independent coordinate variable, is the velocity tensor, is the fluid density, is the stress tensor and is dynamic viscosity. Note that is the viscous resistance matrix and is the inertial resistance matrix. These variables are defined as follow:
The Forchheimer term (inertial resistance matrix) in equation (3) represents the fluid inertial loss due to the impact between fluid and porous matrix. In this study, since fluid circulation inside the aneurysm is very small, the Forchheimer term can be neglected without effecting to the result's accuracy. Hence, the value of is to zero.
The porosity of a porous region is given by:
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The endovascular coils permeability (K) is calculated using fibrous relation [22] as shown below:
Where, is the radius of the fiber (coil). The blood density has been set to 1050 / 3 while blood viscosity was modeled using the Carreau non-Newtonian viscosity model [23] 
Where ̇ is rate of strain. The study focuses on understanding the effect of different common medical coils as shown in Table 1 and Table 2 . The analogy between coiled aneurysm and porous media is established by calculating the porosity and permeability of the coiled aneurysm. 
Numerical Solution
The CFD mesh used in this study has been selected based on mesh independent study shown in Figure 2 . By observing the value of WSS for different meshes as shown Figure 2 , the mesh with 1.2 million nodes has been used in this study.
The QUICK scheme is used to discretize the conservation equations while the pressure-velocity coupling is realized using the SIMPLEC method with the standard under-relaxation parameters. The convergence residuals criteria are set to 1 × 10 −7 for all flow variables.
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As suggested by Sinnott et al. [24] , transient sine wave inlet velocity model is used to describe the blood velocity with a maximum velocity of 0.5 m/s and 0.5 seconds time period (which represents a pulse rate of 120 pulses per minute). 
Results and Discussion
The impact of coil parameters on blood inflow entering to the aneurysm is explored numerically under multiple coil compactness and for different coils diameter. The coil compactness is related to aneurysm porosity though following relation = 1 − ε. Using same coil diameter as indicated in Table 2 , the impact of porosity is investigated on aneurysm inflow as shown in Figure 3 As shown in Figure 3 as porosity increases from 0.1 (very dense domain) up to 0.9, the inflow rate crossing to the aneurysm increases which is expected since the coils increase the viscous force impacting the flow and reduces the average inflow velocity which lead to lower blood circulation in the aneurysm. Lower blood circulation promote clot formation in the aneurysm and provide proper sealing of the aneurysm.
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At fixed coil compactness of 40% (0.6 porosity), as coil radius increases the wall friction decreases, which lead to more inflow to enter the aneurysm as shown in Figure 4 . At fixed porosity, as radius increases the surface area to volume ratio will decreases which leads to lower shear forces. As the flow face less shear forces, a higher blood flow is expected and found in Figure 4 . The increase in blood inflow to the aneurysm reduces the chance of clot formation which increase the risk of aneurysm rupture. 
Conclusion
This study shows that porous media analogy can provide needed information related the size of coils needed in endovascular embolization. The results show that to assure the effectiveness of coiling treatment, the coiling compactness needs to be as high as 90% (0.1 porosity). Also, for porosity of 60% (compactness of 0.4), the CFD results show that smaller coil diameter causes less flow circulation within the aneurysm, which is desired since it increases the chances of thrombosis.
